Abstract. The prevalence of intraguild predation (IGP) in productive environments has long puzzled ecologists. Theory predicts the exclusion of intraguild prey from such environments, but data consistently defy this expectation. This suggests that coexistence mechanisms at high resource productivity may differ from those at lower productivity. Here I present a mathematical model that investigates multiple coexistence mechanisms. I incorporate two biological features widely observed in IGP communities: intraspecific interference via cannibalism or superparasitism, and temporal refuges arising from differential sensitivities to abiotic variation. I develop predictions based on three aspects of the IG prey-IG predator interaction: mutual invasibility, transient dynamics, and long-term abundances. These predictions specify the conditions under which coexistence mechanisms reinforce vs. deter one another: when a competition-IGP trade-off allows coexistence at intermediate productivity a temporal refuge for the intraguild prey always allows coexistence at high productivity, but intraspecific interference does so only at a net fitness cost to the intraguild predator. Intraspecific interference that benefits the intraguild predator not only reduces tradeoff-mediated coexistence at intermediate productivity, but also undermines the refuge's coexistence-enhancing effect at high productivity. Different mechanism combinations yield characteristic signatures in time series data during transient dynamics. By judicious measurement of parameters and examining time series for critical signatures, one can elucidate the mechanisms that allow IGP to prevail in resource-rich environments.
INTRODUCTION
Intraguild predation/parasitism (IGP), where competing species also prey on or parasitize one another, is a common component of many food webs (Polis et al. 1989, Arim and Marquet 2004) . The issue of how species diversity is maintained in IGP communities has preoccupied theorists and empiricists alike (e.g., Holt and Polis 1997 , Diehl and Feissel 2000 , 2001 , Mylius et al. 2001 , Krivan and Diehl 2005 , HilleRisLambers et al. 2006 . Theory predicts coexistence if the inferior resource competitor can prey on or parasitize the superior resource competitor, but such coexistence depends on resource productivity (Holt and Polis 1997 , Diehl and Feissel 2001 , Mylius et al. 2001 , Krivan and Diehl 2005 : superior resource competitors that are susceptible to IGP (IG prey) cannot persist at high productivity. Data however, contradict this expectation: quite a few empirical studies demonstrate the persistence of IG prey in resource-rich environments (e.g., Yu et al. 1990 , Diehl 1992 , Morin 1999 , Amarasekare 2000a , 2003 , 2007 , Diehl and Feissel 2000 , 2001 , Mylius et al. 2001 ). This discrepancy strongly suggests that coexistence mechanisms at high productivity may be different from those operating at lower productivities. However, the interplay between coexistence mechanisms that predominate in different productivity regimes is not well understood.
There are two main classes of mechanisms that can promote the coexistence of IG prey and IG predators in productive environments. The first involves mechanisms that allow the IG prey to escape IGP in space or time. Such mechanisms enable coexistence by concentrating intraspecific interactions relative to interspecific interactions in space or time. Spatial or temporal refuges for IG prey are the commonest examples of this class of mechanism. Spatial refuges typically arise from habitat heterogeneity that allows some IG prey to escape predation or parasitism, as is observed in aquatic pelagic (e.g., Diehl 1992) and arthropod (Finke and Denno 2006) communities. Temporal refuges commonly arise from species-specific responses to abiotic environmental variation. For instance, IG prey, through their greater tolerance of harsher environmental conditions, experience time periods when IGP is weak or nonexistent (e.g., Hunt-Joshi et al. 2005 , Amarasekare 2007 . While the role of spatial refuges in IGP communities has been investigated (e.g., Finke and Denno 2006, HilleRisLambers et al. 2006) , the role of temporal refuges has not.
The second class of mechanism involves densitydependent processes that strengthen intraspecific interactions relative to interspecific interactions even in the absence of spatial or temporal heterogeneity. These include natural enemies of the IG predator, supplemental food supplies (Daugherty et al. 2007) , and antipredator defense by the basal resource (Hart 2001) . One mechanism that is commonly observed in IGP communities is intraspecific interference. In predators such interference occurs mainly through cannibalism, particularly of juvenile stages (Polis et al. 1989, Arim and Marquet 2004) ; in parasitoids it occurs via superparasitism (oviposition in hosts that have previously been parasitized by conspecific females [van Alphen and Visser 1990, Godfray 1994] ). While the effects of intraspecific interference on communities with competition or predation are well-known (e.g., Case and Gilpin 1974 , Schoener 1976 , 1978 , Case et al. 1979 , Hsu 1981 , Vance 1984 , its effects on communities with competition and predation are much less well known.
Here I investigate the roles of these two classes of mechanisms in promoting coexistence in communities with IGP. My approach is not an exhaustive survey of all possible mechanisms, but rather to focus on those suggested by the biology of natural IGP communities. My goal is to derive comparative predictions for multiple coexistence mechanisms that are amenable to empirical testing.
THEORETICAL FRAMEWORK

Biological motivation
I present the simplest theoretical framework that can accommodate intraspecific interference and temporal refuges. I envision a community consisting of a resource and two consumer species. The consumer species interact via both resource competition and IGP. Resource competition is such that the consumer species that can subsist at the lower resource level excludes the other (R* rule; Tilman 1982) . The inferior resource competitor, however, can prey on or parasitize the superior resource competitor. Such unidirectional IGP is widespread in nature: aquatic invertebrates and fish typically prey on juvenile stages of their resource competitors, but are themselves not subject to predation by such competitors (Polis et al. 1989) . Insect parasitoids engage in asymmetric intraguild parasitism (multiparasitism) where females of multiple species oviposit in the same host, but the larva of one species outcompetes all others via direct combat or physiological suppression (van Alphen and Visser 1990, Mills 1994) . Asymmetric multiparasitism is the rule when ectoparasitoids and endoparasitoids attack the same host species, and when facultative hyperparasitoids compete for hosts with primary parasitoids. Ectoparasitoids and facultative hyperparasitoids are intraguild predators by definition, because females oviposit on, and larvae develop on, the developing larvae of another parasitoid species (Mills 1994 , Rosenheim et al. 1995 .
As previous theory has shown, coexistence of IG prey and IG predators is possible if the IG prey is the superior competitor for the basal resource (Holt and Polis 1997 , Diehl and Feissel 2000 , 2001 . There is evidence for such trade-offs in natural communities: parasitoid species that are inefficient at finding unparasitized hosts can locate parasitized hosts through cues left by other species whose larvae they invariably kill during within-host competition; parasitoid species that are efficient at locating unparasitized hosts do not typically engage in IGP (Godfray 1994 , Mills 1994 , Rosenheim et al. 1995 , Amarasekare 2000 , 2003 . Theory also shows that trade-off-mediated coexistence depends on resource productivity (Holt and Polis 1997 , Diehl and Feissel 2000 , 2001 , Krivan and Diehl 2005 , HilleRisLambers et al. 2006 : at low resource productivity, exploitative competition dominates and the IG prey excludes the IG predator; at high resource productivity, IGP dominates and the IG predator excludes the IG prey; at intermediate productivity, a trade-off between competitive ability and susceptibility to IGP comes into play, allowing coexistence of the IG prey and IG predator. However, empirical evidence for productivity-dependent coexistence is equivocal. The loss of IG predators in resource-poor environments has been documented (Amarasekare 2000 (Amarasekare , 2003 but loss of IG prey in resource-rich environments has not (Yu et al. 1990 , Amarasekare 2000a , 2003 , Diehl and Feissel 2001 , even when productivity has been augmented to much higher levels than in nature (Amarasekare 2007) . This mismatch strongly suggests that mechanisms other than the trade-off are promoting coexistence in resource-rich environments.
One such mechanism is a temporal refuge for the IG prey. Such refuges could arise if the IG prey and IG predator differ in their responses to abiotic environmental variation such that the IG prey has time periods during which it experiences little or no IGP. Such temporal refuges typically arise from seasonal variation in the environment, with the IG prey exhibiting greater tolerance of harsher conditions (e.g., colder temperatures or lower humidity). In insects in particular, such differences are typically manifested as differences in activity periods. For instance, the leaf-feeding beetle, Galerucella calmariensis, is a successful biological control agent of the invasive plant pest purple loosestrife (Lythrum salicaria), but predation by the omnivorous mirid bug (Plagiognathus politis) disrupts control; however, the beetle emerges earlier in the season than the bug, and hence has a predation-free window that allows it to establish and inflict severe damage on its host plant (Hunt-Joshi et al. 2005) . The parasitoids of the olive scale, (Parlatoria oleae), Aphytis maculicornis and Cocophagoides utilis, also exhibit differential temperature sensitivity: A. maculicornis, the IG predator, is intolerant of warmer temperatures while C. utilis, the IG prey, is intolerant of colder temperatures; C. utilis thus has a temporal refuge from IGP during the warm summer months, which promotes coexistence as well as complementary control Hirose 1994, Rochat and Gutierrez 2001) . Similarly, the differential cold tolerance exhibited by the parasitoids of the harlequin bug (Murgantia histrionica) allows the IG prey (Trissolcus murgantiae) to emerge several months earlier than the IG predator (Ooencyrtus johnsonii), thus providing it with a temporal refuge from IGP (Amarasekare 2000a (Amarasekare , 2007 .
Intraspecific interference is another mechanism that could prevent the IG prey's exclusion in resource-rich environments. It is widespread in communities with IGP. For instance, most omnivorous predators tend to cannibalize juveniles (Polis et al. 1989) , and most insect parasitoids engage in superparasitism (van Alphen and Visser 1990 , Godfray 1994 , Mills 1994 , Sirot and Krivan 1997 . Coexistence should be possible if the self-limiting effect of intraspecific interference is stronger than interspecific competition and IGP.
The model
To develop a mathematical framework that can incorporate these biological details, consider T as the time period of seasonal variation (e.g., one year), T R as the time period during which only the resource and IG prey are present (the refuge), and T À T R as the time period during which the IG prey and IG predator cooccur with the resource. The dynamics of the three species community are given by the following mathematical model:
Refuge period (resource and IG prey) (0 t T R )
where R, P 1 , and P 2 are the abundances of the resource, IG prey, and IG predator, respectively, r is the per capita rate of resource reproduction, and q is the strength of resource self limitation. The parameters a 1 and a 2 are the attack rates, respectively, of the IG prey and IG predator on the resource, a 12 is the attack rate of the IG predator on the IG prey (multiparasitism or IGP), and a ii (i ¼ 1, 2) is the attack rate of the IG prey or IG predator on conspecifics (intraspecific interference via cannibalism or superparasitism). The parameter e i is the number of IG prey or IG predator offspring resulting from resource consumption (or primary parasitism), f 21 is the number of IG predator offspring resulting from IGP, and f ii is the number of IG prey or IG predator offspring resulting from intraspecific interference. Parameters d 1 and d 2 are the background mortality rates, respectively, of the IG prey and IG predator. The parameter f ii is the key determinant of whether intraspecific interference is costly or beneficial: when f ii ¼ 1 there is no net effect of interference; when f ii , 1 there is a net per capita cost, and when f ii . 1, a net per capita benefit of interference. Similarly, T R is the key parameter that dictates the refuge's role in coexistence. I consider the IG prey and IG predator as having linear (Type I) functional responses. This is because I want to investigate intraspecific interference and temporal refuges in the absence of other mechanisms such as coexistence mediated by resource fluctuations. Such mechanisms operate when consumers exhibit Type II functional responses and the superior resource competitor has the more non-linear response (Armstrong and McGehee 1980) .
Coexistence of the IG prey and IG predator is possible if the IG prey is a superior competitor for the basal resource (Holt and Polis 1997) , i.e., it has a higher attack rate on the resource (a 1 . a 2 ) and/or a greater reproductive benefit from resource consumption (e 1 . e 2 ). There is evidence, particularly from parasitoid guilds (Force 1970 , Zwolfer 1971 , Ehler 1994 , Amarasekare 2000a , of the IG prey's competitive superiority in the face of unidirectional IGP. Thus, in the investigations that follow, I consider the IG prey and IG predator as exhibiting a trade-off between competitive ability and IGP. Since such a trade-off cannot in itself prevent the IG prey's exclusion in productive environments (Holt and Polis 1997 , Diehl and Feissel 2000 , Krivan and Diehl 2006 , the important issue is whether intraspecific interference or a temporal refuge operating in concert with a competition-IGP trade-off can allow coexistence in such environments. This requires consideration of three combinations of mechanisms, for each of which I investigate mutual invasibility, transient dynamics, and long-term coexistence.
ANALYSES
Case 1. Competition-IGP trade-off augmented by intraspecific interference
In the absence of a temporal refuge the model simplifies to
Mutual invasibility.-A necessary prerequisite for coexistence is the ability of each species to maintain a positive per capita growth rate when it is rare and its competitor/predator is abundant (Chesson 2000) . The important issue is whether intraspecific interference increases the range of resource productivity over which both species can increase from initially small numbers. Appendix A gives the analytical invasibility criteria for Eq. 2. Here I focus on the biological significance of mutual invasiblity.
A key point to note is that intraspecific interference has an effect only when a species is abundant. It therefore has a negligible effect on a given species' ability to increase from low numbers while its competitor/predator is abundant, but a large effect on its competitor's/predator's ability to increase from small numbers when the focal species is abundant. To illustrate this point, let us consider the IG prey's ability to invade a community of the resource and the IG predator at their respective equilibrium abundances. From the invasion criterion (Appendix A), one can derive the resource productivity threshold below which the IG prey can maintain a positive per capita growth rate at low abundances:
As can be seen, intraspecific interference in the IG prey (a 11 , f 11 ) has no effect on this threshold. In contrast, intraspecific interference in the IG predator has a strong effect on the threshold. When the IG predator gains a net per capita benefit from interference ( f 22 . 1), the productivity threshold is lower than in the absence of interference (i.e., beneficial interference reduces the IG prey's invasibility). When the IG predator incurs a net per capita cost from interference ( f 22 , 1), the productivity threshold is higher than in the absence of interference (i.e., costly interference increases the IG prey's invasibility).
One can show similarly (Appendix A) that the IG predator's invasiblity is decreased when the IG prey gains a net benefit from intraspecific interference ( f 11 . 1) and vice versa. Fig. 1 illustrates the effects of key parameters on mutual invasibility.
There are two results to note. First, intraspecific interference in the IG predator can increase the IG prey's ability to invade resource-rich environments only if such interference incurs a net cost (Fig. 1) . Second, FIG. 1. The impact of key biological parameters on the IG (intraguild) prey and IG predator's invasibility (threshold resource productivity required for invasion). The black line is the invasion boundary for the IG prey, and the gray line is the invasion boundary for the IG predator. The IG prey can invade at productivity values below its invasion boundary, and the IG predator can invade at productivity values above its invasion boundary (Appendix A). Panels (a)-(d) are for costly intraspecific interference to the IG predator ( f 22 ¼ 0.9), and panels (e)-(h) are for beneficial intraspecific interference ( f 22 ¼ 1.1). Panel (i) depicts the effect of f 22 on invasibility when other parameters are held constant. The key point is that beneficial interference in the IG predator significantly reduces the coexistence range permitted by variation in other parameters. Parameter values used are q ¼ 5,
These parameter values depict the worst-case scenario for coexistence in resource-rich environments: the IG predator receives the same reproductive benefit from the basal resource as does the IG prey (e 1 ¼ e 2 ), and gains a large benefit from consuming the IG prey ( f 21 . e 1 ). Parameters are defined in The model. there is an asymmetry between the IG prey and IG predator in their interference effects. When IGP is strong, intraspecific interference in the IG predator has a much stronger effect on the IG prey's invasibility than intraspecific interference in the IG prey on the IG predator's invasibility (Appendix A: Fig. A1 ).
Long-term coexistence.-Long-term coexistence requires that the species be able to recover from perturbations to their steady-state abundances. The important issue is whether intraspecific interference enables stable, long-term coexistence in resource-rich environments. Fig. 2 illustrates the long-term abundances as a function of resource productivity. When interference is costly to the IG predator, coexistence is possible at a higher resource productivity than in the absence of interference. When interference is beneficial to the IG predator, not only is the IG prey excluded at a lower resource productivity than in the absence of interference, but resource overexploitation by the IG predator causes extinction of the entire community (Fig.  2) .
Case 2. Competition-IGP trade-off augmented by a temporal refuge in the IG prey
Mutual invasibility.-When the IG prey has a temporal refuge but neither species engages in intraspecific interference (i.e., a ii ¼ 0; f ii ¼ 0 (i ¼ 1, 2) in Eq. 1), the IG prey can invade a resident community of the resource and IG predator if its per capita growth rate when rare, averaged over the year, is positive, i.e.,
where R(t) and P 2 (t) are the resource and IG predator abundances at time t, and the parameters are as defined above. This criterion simplifies to
RðtÞdt is the resource abundance set by the IG predator when resident,
RðtÞdt is the resource abundance set by the IG prey when resident,R
RðtÞdt is the resource abundance during the refuge period (T R ) when neither species is resident, and
Long-term abundances predicted by the model (Eq. 1) as a function of resource productivity. Lines of increasing thickness depict, respectively, the abundance of the resource, the abundance of the IG predator, and the abundance of the IG prey. For panels (a)-(c), long-term abundances are given by the equilibrium solutions in Appendix A. In panels (d)-(f ), long-term abundances are for the non-refuge period, which were calculated numerically. Parameter values used are q ¼ 10, where P 1 (t) is the IG prey's abundance at time t. This criterion simplifies to
is the IG prey's abundance when resident and
RðtÞdt is the resource abundance required by the IG prey to balance reproduction and mortality during the refuge period.
As can be seen, a temporal refuge increases the IG prey's invasibility and decreases the IG predator's invasibility. Moreover, the IG prey's invasibility increases as the resource availability during the refuge period (R˜R) increases. If R˜R . R R (P 1 ) (i.e., resource availability during the refuge period when neither species is resident exceeds that required by the IG prey to balance reproduction and mortality), the IG prey can increase from small numbers during the refuge period and this increases the IG prey's invasibility above that under a competition-IGP trade-off.
Long-term coexistence.-A temporal refuge operating in concert with a competition-IGP trade-off dramatically increases the resource productivity range over which the two species can coexist. Now the IG prey can persist even at very high levels of productivity (Fig. 2) . There are two key results to note. First, even a refuge of very small FIG. 3 . Productivity thresholds for the long-term coexistence of the IG prey and IG predator under various mechanism combinations. The black line is the productivity threshold below which the IG prey can persist, and the gray line is the productivity threshold above which the IG predator can persist. Panel (a) depicts the productivity thresholds as a function of f 22 when intraspecific interference operates simultaneously with a competition-IGP trade-off; panels (b) and (c) illustrate how these thresholds are altered by a temporal refuge of increasing duration (T R ¼ 1 and 4, respectively). In all three top panels, the vertical line depicts the coexistence range in the absence of intraspecific interference ( f 22 ¼ 1). Panel (d) depicts the productivity thresholds as a function of T R when a temporal refuge operates simultaneously with a competition-IGP trade-off; panels (e) and (f ) illustrate how these thresholds are altered by costly [ f 22 ¼ 0.9 in panel (e)] and beneficial [ f 22 ¼ 1.1 in panel (f )] interference in the IG predator. In panels (b) and (c), the dashed lines depict the productivity thresholds in the absence of a refuge, and in panels (e) and (f ), the thresholds in the absence of intraspecific interference. Note that in the presence of a refuge, addition of interference affects the IG prey's ability to persist at high productivity without affecting the IG predator's ability to persist at low productivity [panels (d)-(f )]. duration significantly increases the upper productivity limit for coexistence (Fig. 3) . Second, the refuge's beneficial effect in increasing the IG prey's persistence in resource-rich environments is much stronger than its detrimental effect of decreasing the IG predator's persistence in resource-poor environments (Fig. 3) .
Case 3. Competition-IGP trade-off augmented by intraspecific interference and a temporal refuge in the IG prey Mutual invasibility.-When interference and a refuge both operate in concert with a competition-IGP tradeoff, analytical expressions for invasibility criteria are the same as those for the trade-off and refuge (see previous section). Intraspecific interference in one species affects the other species' invasibility via its abundance when resident with the resource (P˜i, i ¼ 1, 2). As before, f ii , 1 increases, and f ii . 1 decreases, species j 's invasibility (i, j ¼ 1, 2; i 6 ¼ j).
Long-term coexistence.-With costly interference in the IG predator, the productivity range that allows coexistence is increased over that observed under a refuge alone; with beneficial interference in the IG predator, this range is lower than that under a refuge alone, but higher than that without a refuge (Fig. 2) .
Interactions between coexistence mechanisms
It is important, when studying multiple coexistence mechanisms, to identify the conditions under which different mechanisms reinforce vs. deter one another. Fig. 3 illustrates the interplay between intraspecific interference and a temporal refuge when the species also exhibit a competition-IGP trade-off. When intraspecific interference and a refuge both operate, the refuge's advantage to the IG prey can overcome the disadvantage of beneficial interference in the IG predator (Fig. 3) . However, a large benefit from interference to the IG predator can substantially reduce the refuge's positive effect on coexistence.
Transient dynamics
As the preceding analyses illustrate, more than one combination of mechanisms can lead to the same longterm outcome (e.g., coexistence vs. the exclusion of IG prey). This makes it difficult to distinguish between mechanisms based solely on invasibility and long-term coexistence. One solution is to investigate the transient dynamics that precede long-term outcomes. This is particularly useful in translating theory into testable predictions because most experimental studies are conducted over time scales that yield transient outcomes rather than steady-state ones. Transient dynamics leave characteristic signatures in the data, which can be used to distinguish between different combinations of mechanisms (Fig. 4) . Table 1 gives a set of comparative predictions about invasibility, transient dynamics, and long-term abundances for the various mechanism combinations. These predictions can be tested by experimentally manipulating control parameters such as resource productivity or refuge duration. By measuring key parameters such as attack rates and conversion efficiencies and by examining time series data for critical signatures, one can elucidate the role of multiple mechanisms even with observational data.
Comparative predictions
One biological feature that clearly distinguishes between the roles of intraspecific interference and a temporal refuge is species' responses to abiotic environmental variation. If intraspecific interference is the only mechanism augmenting a competition-IGP trade-off, IG prey and IG predator should respond to seasonal or other abiotic variation in a similar manner. In this case the transient dynamics following, say, an experimental increase in resource productivity should be such that once the background seasonal variation is removed, one should see a trend of the IG prey declining in abundance following an initial increase and the IG predator increasing with a time delay; in a sufficiently long time series, the abundances should cease to show a trend as species attain their steady-state abundances (Fig. 4) . In contrast, when a temporal refuge for the IG prey operates in concert with a trade-off, one should observe species-specific responses to abiotic environmental variation: the IG predator's abundance should show strong intra-annual variation (e.g., due to seasonal variation in temperature or humidity) with abundances declining to very low levels (or zero if the species engages in diapause in order to weather harsh environmental conditions) during the refuge period, and increasing to relatively high levels during the non-refuge period (Fig.  4) . The IG prey, which is less sensitive to abiotic environmental variation, should show intra-annual fluctuations of much smaller magnitude. These intraannual fluctuations will be overlain by an overall increasing trend for the IG predator and a decreasing trend for the IG prey, with abundances becoming trendless as the species assume their steady state abundance patterns. Thus, a temporal refuge gives a highly distinctive signature to the time series data (Fig. 4) . When a refuge and intraspecific interference operate simultaneously, as is likely with many parasitoid guilds, the transient dynamics leave characteristic signatures depending on which species engages in interference, and on whether interference is costly or beneficial. For instance, with a temporal refuge and costly interference in the IG predator, transient dynamics at intermediate to high productivity levels involve greater intra-annual fluctuations in the IG predator and greater multi-annual fluctuations in the IG prey; in contrast, with a temporal refuge and beneficial interference in the IG predator, transient dynamics involve greater multi-annual fluctuations in the IG predator (Fig. 4) . While these particular signatures may be specific to the model used here, the interplay between the density-dependent feedback due to interference and temporal fluctuations due to a refuge is likely to generate characteristic signatures in the time series data of real communities as well.
Effects of stage structure on invasibility and coexistence
The above results are based on a model that lacks stage structure. In nature, intraspecific interference typically involves individuals attacking other life stages. For instance, adult predators cannibalize juveniles, and adult female parasitoids superparasitize hosts containing developing larvae (Polis et al. 1989 , van Alphen and Visser 1990 , Godfray 1994 , Mills 1994 , Arim and Marquet 2004 . Hence, it is important to know whether stage structure alters the effects of interference on coexistence. In Appendix B, I investigate a stagestructured IGP model, which gives broadly similar conclusions as the unstructured model. Stage structure FIG. 4 . Transient dynamics and long-term abundances under various combinations of coexistence mechanisms. Lines of increasing thickness depict, respectively, the abundance of the resource, the abundance of the IG predator, and the abundance of the IG prey. Parameters used are a 22 ¼ 2, f 22 ¼ 0.9 (costly interference), f 22 ¼ 1.05 (beneficial interference), r ¼ 15 for all cases except beneficial interference, for which r ¼ 18 was used to illustrate the detrimental effect of beneficial interference at the population level. Other parameters are as in Fig. 2. has a small effect on intraspecific interference in that the productivity range allowing coexistence is increased above that in the unstructured model. Stage structure does not influence the refuge's effect on coexistence. This difference is expected because intraspecific interference is the mechanism for which stage structure is important. The overall similarity in the conclusions suggest that stage structure in itself is unlikely to alter the effects of interference or a refuge on coexistence.
DISCUSSION
The classical explanation for coexistence in IGP communities is a trade-off between competitive ability and susceptibility to IGP (Holt and Polis 1997) . Such a trade-off dictates that the IG predator should be excluded from resource-poor environments and the IG prey, from resource-rich environments. While empirical evidence supports the IG predator's inability to persist in resource-poor environments (e.g., Polis et al. 1989 , Amarasekare 2000a , 2003 , Arim and Marquet 2004 , there is no evidence for the IG prey's demise in resourcerich environments. This contradiction strongly suggests that additional mechanisms must drive coexistence in productive environments. The challenge for the theorists is in finding coexistence mechanisms that are rooted in the biology of IGP communities; the challenge for the empiricists is to translate mathematical theory into testable predictions.
Here I take a first step at meeting these challenges. I present a mathematical model that incorporates two biological features widely observed in IGP communities: intraspecific interference via predation or parasitism, and temporal refuges arising from differential sensitivities to abiotic environmental variation. The key results are as follows: intraspecific interference cannot prevent the IG prey's exclusion in resource-rich environments unless it imposes a net per capita cost, in survival and/or reproduction, to the IG predator. Unless this cost is substantial, the upper limit of resource productivity that allows coexistence is not significantly higher than that in the absence of interference. In contrast, a temporal refuge of even small duration can substantially increase the upper productivity limit, allowing coexistence even in highly productive environments.
The comparative analysis of multiple mechanisms allows one to identify the conditions under which different mechanisms enhance vs. deter coexistence. For instance, intraspecific interference in the IG predator either augments or deters trade-off mediated coexistence depending on whether interference is costly or beneficial, while a temporal refuge in the IG prey always augments trade-off-mediated coexistence. When intraspecific interference and a refuge both operate simultaneously, a refuge can overcome the negative effect of beneficial interference, but interference that confers a large benefit to the IG predator can also undermine the positive effect of the refuge. These findings provide testable predictions that can guide empirical investigations. In particular, differences in transient behavior of communities subject to an experimental perturbation can be the basis for distinguishing between different combinations of mechanisms (Table 1) . Time series analysis can detect critical signatures in the data, while techniques such as the Akaike information criterion can quantify the relative importance of different mechanisms that operate simultaneously. The parameter f 22 is the benefit the IG predator receives from intraspecific interference. Based on Eq. 1 for productivity levels sufficiently high to exclude the IG prey in the absence of intraspecific interference or a refuge (see Fig. 4) .
à Compared to a competition-IGP trade-off alone. § Compared to a temporal refuge operating in concert with a competition-IGP trade-off.
How relevant are the study's findings to natural communities with IGP? Intraspecific interference mechanisms such as cannibalism and superparasitism are widespread in nature. These can facilitate coexistence if the resulting self-limitation is stronger than interspecific competition and IGP. But such a possibility also brings to the fore, the tension between intraspecific interference as a fitness-enhancing mechanism at the individual level and a stabilizing or diversity-enhancing mechanism at the population or community level. From an individual IG predator's perspective, cannibalism or superparasitism is not a viable strategy unless it yields a fitness benefit. However, a strategy of beneficial interference, when adopted by a majority, causes the IG predator population to overexploit its resources and crash to extinction. This conflict illustrates the critical importance of ecological dynamics in shaping the evolution of traits underlying interference mechanisms. Theory on the adaptive basis of superparasitism predicts that female parasitoids should not engage in superparasitism unless the number of searching females is high and the number of unparasitized hosts is low (van Alphen and Visser 1990 , Visser et al. 1992 , Visser 1993 . However, because these models analyze evolutionarily stable strategies in the absence of population dynamics, it is unclear whether females should engage in superparasitism, even under crowded conditions, if it confers no reproductive benefit. There are two situations where such maladaptive interference could be maintained, at least in the short term. The first involves interference induced by a parasite or pathogen. For instance, Leptopilina boulardi, a solitary parasitoid of Drosophila larvae, does not typically engage in superparasitism but can be induced to do so by an infectious virus (Varaldi et al. 2003) . It is unclear how common pathogen-mediated superparasitism is, but recent evidence of microparasite prevalence in insect parasitoids (e.g., Varaldi et al. 2003 , Lawrence 2005 , Reineke and Asgari 2005 , Stasiak et al. 2005 suggests that it may be more widespread than previously thought.
The second case of maladaptive interference occurs via incidental parasitism of conspecifics by IG parasites. Some parasitoid species that always win against heterospecifics during within-host larval competition tend to lack host discrimination, presumably because their superiority in larval competition ensures that they gain a net benefit from multiparasitism and IGP (Godfray 1994 , Mills 1994 . Lack of host discrimination may cause such species to also oviposit in hosts previously parasitized by conspecifics. Since superparasitism has an effect only at high density, such incidental parasitism will not influence the species' ability to increase when rare. However, it will have a self-limiting effect when densities are high, thus preventing the species from overexploiting its resources and crashing to extinction. The trade-off between individual-level vs. populationlevel benefits of intraspecific interference is an intriguing question that clearly deserves further study.
While it is unclear whether intraspecific interference could be both adaptive at the individual level and diversity-enhancing at the community level, a temporal refuge for the IG prey provides a highly plausible coexistence mechanism in resource-rich environments. Such refuges could arise any time members of a guild differ in their responses to abiotic environmental variation. Invertebrates, among which IGP is common (Polis et al. 1989, Arim and Marquet 2004) , are highly sensitive to temperature effects on their growth and development. In insects especially, differential sensitivity to temperature variation is quite common among guild members (Ehler 1994 , Takagi and Hirose 1994 , Amarasekare 2000a , 2003 , 2007 . If the IG prey is more tolerant of harsher abiotic conditions, or the IG prey and IG predator differ in the optimal temperature/humidity regimes for growth and development, temporal refuges could easily arise. If a refuge arises due to the IG prey being able to tolerate harsher conditions, the IG prey's superiority in resource competition is vital to its ability to increase from initially low densities. This is because the refuge occurs during a time period when resource availability is low. In this case, therefore, the refuge has to operate in concert with a competition-IGP trade-off in order to allow coexistence in resource-rich environments, and the temporal abundance patterns are such that the IG prey occurs by itself during the refuge period and the IG prey and the IG predator co-occur during the non-refuge period. The parasitoids of the harlequin bug illustrate this case well (Amarasekare 2000a (Amarasekare , 2003 (Amarasekare , 2007 . The IG prey (Trissolcus murgantiae), the superior resource competitor, is cold-tolerant and emerges earlier in the year, while the IG predator (Ooencyrtus johnsonii), the inferior resource competitor, is cold-intolerant and emerges several months later. Data suggest that this temporal refuge allows the IG prey to coexist with the IG predator when resource productivity is high (Amarasekare 2007) .
A second type of temporal refuge arises when the IG prey and IG predator differ in the optimal temperature and/or humidity regimes required for growth and reproduction. In this case, there is a time period when one species does well and the other does not, and a period of overlap when they both do well. This type of refuge therefore involves an element of temporal niche partitioning, with the reduced temporal overlap decreasing the strength of IGP on the IG prey and increasing the strength of intraspecific competition on both species. In this case, the refuge could allow coexistence via temporal niche partitioning even in the absence of a competition-IGP trade-off. The parasitoids of the olive scale and the arrowhead scale illustrate this situation (Huffaker and Kennett 1966 , Takagi and Hirose 1994 , Rochat and Gutierrez 2001 , Tuda et al. 2006 . These parasitoids engage in IGP and there is no evidence to suggest that one species is the superior competitor for the hosts, but they are able to coexist under the resourcerich environment provided by an abundant pest species.
The key appears to be the species' differences in activity periods, which arise due to differential sensitivity to temperature and humidity (Huffaker and Kennett 1966 , Takagi and Hirose 1994 , Rochat and Gutierrez 2001 , Tuda et al. 2006 . The resulting temporal partitioning allows both coexistence and greater pest suppression via complementary control.
The findings reported here have important practical applications. In biological control, natural enemies engaging in IGP are considered undesirable because they disrupt pest control. In practice however, it is very difficult to release suites of natural enemies that do not interfere with one another. For instance, interactions between parasitoid species that differ in their developmental modes (e.g., endoparasitoids vs. ectoparasitoids) and consumption patterns (e.g., primary parasitoids vs. hyperparasitoids) make IGP unavoidable. But, given that most insects are highly sensitive to temperature and/or humidity variation, differential responses to such variation can create temporal refuges for superior resource competitors. This will allow greater pest suppression during the refuge period. Given that even superior resource competitors may have time periods during which their growth and reproduction are hindered by abiotic factors, multiple releases are desirable even if species' developmental modes predispose them to IGP provided they also exhibit differential sensitivities to abiotic factors. Then, IG predators such as endoparasitoids or facultative hyperparasitoids that are inferior resource competitors can nevertheless exert some pest control when environmental conditions are unfavorable to an IG prey that is a superior resource competitor, and overall control may actually improve. The findings reported here suggest that a predisposition to IGP per se is insufficient reason for not using natural enemy complexes to control pests, provided such enemies also differ in their tolerance of abiotic environmental conditions.
